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This paper presents the high temperature thermal characterization of a Micro-Electro-Mechanical 
Systems (MEMS) infra-red (IR) thermal source, using non-contact optical approaches, based on 
IR and thermo-incandescence microscopy. The IR thermal source was fabricated using a CMOS 
based processing technology and consists of a miniature micro-heater, fabricated using tungsten 
metallization. The performance and reliability of the IR source is highly dependent on its operating 
temperature. For short-wave (1.4 µm - 2.5 µm) infra-red emission, the operating temperature is in 
excess of 800°C. Work will be presented in this paper in which spot temperature measurements 
(> 700 °C) were made on the IR source using thermal-incandescence microscopy. Thermal-optical 
calibration was achieved by utilizing the known melting point (MP) of different metal micro-
particles. Optical measurements were compared to those obtained using an electrical approach. 
The thermal measurements suggest good temperature uniformity across the micro-heater of the IR 
source.  
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This paper reports on the use of optical incandescence thermography for the high temperature 
characterization (to approximately 1200C) of a MEMS based IR thermal source utilizing CMOS 
technology. There are several thermal characterization techniques that can be used to thermally 
profile micro-scale semiconductor devices [1]. A review of different micro and nano-scale thermal 
characterization techniques is presented in [2]. Optical methods have been widely used to 
characterize the thermal behavior of micro-scale electronic devices and have the major benefit of 
being non-contact and non-invasive. In addition, when compared with electrical methods, a critical 
advantage with optical method is that, it can be used to image different regions and optical imaging 
can enable the identification of hot areas within a structure [3]. 
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In recent years, miniature mid and short-wave IR emitters are of interest, for use in Non-
Dispersive Infra-red (NDIR) gas sensing and spectroscopy applications [4]. At present many of these 
applications use a glass micro-bulb as a broadband IR source. The micro-bulb manufacturing costs 
are low but it suffers from a number of disadvantages, which include high DC power consumption  
(typically several 100mW) [5], large spatial volume compared to most silicon chip devices, and the 
IR transmission efficiency is reduced due to optical absorption by the glass envelope in the mid to 
long IR wavelength range. There are many reports in the literature highlighting different fabrication 
techniques to realize  miniature silicon based IR sources [6], [7], but mostly using non-CMOS Micro-
Electro-Mechanical Systems (MEMS) processing technologies. 
The CMOS based IR source, studied in this work, consists of a micro-heater, fabricated using 
tungsten metallization, which can be heated to high operating temperatures [8], [9]. The device 
typically operates at temperatures around 500 °C [9] to thermally generate optical emission for mid-
IR spectroscopy applications, including optical gas sensing [5]. The chip-scale source has the 
advantage of having a smaller physical envelope, compared to the micro-bulb based IR source, and 
can be assembled in a surface mount package.   
A future requirement is to operate the CMOS based IR source at higher operating temperatures 
(> 800 °C) for spectral sensing applications in the short-wave region of the IR spectrum 
(1.4 µm – 2.5 µm) where many molecules have absorption lines [10], [11]. At elevated operating 
temperature, the spectral distribution of thermally emitted optical radiation shifts towards shorter 
wavelengths (as described by Wien’s law). If the temperature of an object is sufficiently high, optical 
radiation can be visibly detected. This effect is noticeable when hot objects start to visibly glow at 
temperatures approximately 798 K (known as the Draper point) [12]. At lower temperatures, optical 
emission due to thermal-incandescence is too weak to be easily detected but thermally emitted 
radiation in the mid-IR waveband can be detected, for example, using IR microscopy [13].  
It is important to maximize thermal uniformity across the micro-heater to ensure consistent IR 
emission and to minimize the localized hotspots, which could induce thermal stress leading to 
premature failure. IR thermal microscopy  has been used to thermally characterize the temperature 
distribution on the IR source [13], which showed excellent thermal uniformity to temperatures 
approaching 700 °C. To enable thermal characterization of the IR source, at elevated temperature (> 
700 °C), a passive optical approach will be presented in which, uniform thermally emitted 
incandescent radiation is used.  
 
2. IR source design and fabrication 
Tungsten has been used as an interconnect metal for high temperature CMOS circuitry because 
of its very high melting point (> 3400 °C) and resistant to electro-migration induced failure, when 
compared to aluminum or polysilicon [14]. Doped polysilicon has also been widely used for the 
fabrication of IR thermal emitters due to it being fully CMOS compatible and has good adhesion to 
other materials. However, polysilicon displays poor long term stability at temperatures above 300°C 
[15], [16]. The use of tungsten enables the design and fabrication of an IR thermal source with long-
term stability, having all the advantages of CMOS technology. These advantages include excellent 
device reproducibility with very low manufacturing cost in high volume and the possibility of 
integration with a wide range of electronic circuitry. The IR source (die size 1.76 mm × 1.76 mm) 
was fabricated using a 1.0 µm CMOS process at a commercial foundry [17]. The CMOS based IR 
source chip has a miniature tungsten heater, consisting of a circular multi-ring structure (800 µm 
diameter), embedded within a 5 µm thick, 1200 µm diameter circular silicon dioxide (SiO2), 
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dielectric membrane, passivated with silicon nitride (Si3N4). Silicon oxide layers are used as inter-
layer dielectrics. The membrane was formed as a post-CMOS process by the same external foundry, 
using Deep Reactive Ion Etching (DRIE) of the silicon substrate, with the first buried silicon dioxide 
layer acting as an effective etch stop. The membrane thermally isolates the micro-heater from the 
substrate, ensuring efficient heating, fast thermal transient response and low power consumption. To 
enhance IR emission, the thermal source utilizes a plasmonic crystal structure. The plasmonic 
structure is formed by a geometric arrangement of metallic dots in a metal layer and has previously 
been reported [17]. In operation, electrical power is applied to the micro-heater element which 
increases its temperature to over 500 °C. The thermal source emits IR radiation over a broad 
spectrum of the mid-IR waveband (2.5 µm – 15 µm) [5]. An optical micrograph of the fabricated 








Fig. 1. (a) Optical micrograph of the fabricated IR source chip; (b) schematic cross- section of the IR 
source (not to scale). 
 
3. Thermo-optical measurement theory 
The theory behind the thermo-optical measurement approach described in the work is outlined. 
The spectral radiance emitted by a blackbody is given by Planck’s radiation law [18], which can 
be expressed as; 
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𝑊. 𝑚−2. 𝑠𝑟−1. µ𝑚−1  
 
   (1) 
Where, 𝑐 is speed of light in a vacuum, ℎ is Planck’s constant, 𝑘𝐵 is Boltzmann’s constant, 
𝜆 is the wavelength, and 𝑇 is the absolute temperature of the radiating surface.  
Equation 1, can be simplified if;  
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      (2) 
The spectral radiance of a gray body object will be dependent on its surface emissivity (𝜀). 
Therefore, Equation       (2), becomes; 
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    (3) 
To measure radiation emitted by thermal incandescence, the longer wave IR contribution 
needs to be minimized by including an IR rejection filter. Assuming the spectral response of the IR 
filter is 𝐹𝐼𝑅(𝜆) and the spectral response of the microscope’s objective is, 𝐹𝑜𝑝𝑡𝑖𝑐𝑎𝑙(𝜆), Equation 4 
can be used to estimate the emitted radiance as a function of temperature. To simplify the calculation, 
the following assumptions were made, at temperatures above the Draper point, the IR contribution 
to the radiation intensity (in 0.4 µm – 0.7 µm waveband) is significantly smaller than the intensity 
of the optical (incandescence) radiation [18], and the surface emissivity is invariant with temperature 
[19].      
 







4. Measurement approach 
4.1. Experimental setup 
To enable thermal-incandescence measurements in the visible spectrum, A Quantum Focus 
Instrument (QFI) IR microscope (Infrascope II) was modified to include an optical camera 
(Stingray-F146C from Allied Vision Technologies), fitted with an IR rejection filter (Fig. 2). A 
mirror system (part of the QFI assembly) was used to switch between the IR detector and the 
optical camera. The IR detector is a LN2 cooled 512 × 512 pixel indium antimony (InSb) focal 
plane array with a maximum thermal spatial resolution of ~ 3 µm (using a 25 × objective), giving 
a field-of-view of 464 µm × 464 µm [20]. The IR thermal measurement approach has already been 
described in [13], [21]. An optical lens was included in the lens turret, enabling switching between 
IR and visible objectives.  
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  To make the measurements, the IR thermal source chip was first mounted on an aluminum 
baseplate, in which a calibrated K-type thermocouple was embedded to monitor the temperature. 
This assembly was then mounted on a Peltier heater to control the baseplate temperature. The 
baseplate, with the mounted sample, was positioned underneath the objective of the IR microscope, 
as shown in Fig. 2. The experimental setup enabled radiation from the sample to be detected both in 
the IR and optical regions of the spectrum without any realignment of the chip.  
 
 
Fig. 2.  A schematic diagram showing the experimental set-up used for the thermo-optical measurements 
All thermal measurements were made at a baseplate temperature of 80 °C (± 0.5 °C). This 
temperature was chosen to give an adequate IR detector signal-to-noise ratio. To make electrical 
contact to the electrodes of the micro-heater, DC probes (Wentworth Laboratories PVX400) were 
used, which were connected to a DC power supply (TTI PL303QMD-P). The micro-heater was 
biased using a 4-point probe measurement system [22], with two of the probes used for accurate 
voltage sensing. DC input powers in excess of 350 mW were applied to generate heater temperatures 
greater than the Draper temperature. Fig. 3 shows the incandescent radiation emitted by the micro-
heater above the Draper temperature. The optical camera captured the incandescence image and 
software (known as ImageJ) was used to compute the intensity of optical incandescent radiation in 
the form of an 8-bit grey scale value in arbitrary units (a.u.). 
 
Optical camera  
with IR filter 
IR microscope with  
optical objective  
lens in turret 
Heated stage 
Aluminum baseplate  
with thermocouple 





Fig. 3.  An optical image of the experimental setup showing the micro-heater of the IR source incandescing at 
very high operating temperatures (> 700 °C). 
4.2. Thermal-incandescence calibration 
To make quantitative thermal-incandescence measurements, the optical radiation emitted 
from the surface of the micro-heater in the 0.4 µm – 0.7 µm spectral range was calibrated as a 
function of temperature using different metal micro-particles with known melting points [Aluminum 
(Al) (MP = 660.3 °C) [23], silver (Ag) (MP = 961.8 °C) [24], copper (Cu) (MP = 1083.4 °C) [25] 
and manganese (Mn) (MP = 1245.8 °C) micro-particles] [23]. The micro-particles diameters were 
in the range of 15 µm – 20 µm, and therefore small enough not to present any significant thermal 
loading. 
The metal micro-particles were placed in isothermal contact with the surface of the micro-
heater (as shown in Fig. 4) using a Scientifica micro-manipulation probe [13]. Naturally occurring 
electrostatic and Van-der-Waals forces help to adhere the metal micro-particle to the micro-
manipulation probe, enabling the single micro-particle to be transferred to the measurement point on 
the surface of the micro-heater. It is also possible to remove the micro-particle from the surface of 
the device using the manipulator without causing damage to the delicate membrane. 
 
Fig. 4.  An image showing the micro-particle placed in isothermal contact on the heater of the IR source chip 
 
 The DC bias voltage applied to the micro-heater was slowly increased, thereby increasing the 
dissipated power and operating temperature, until the melting point of a metal micro-particle was 
IR source  
emitting light  




recorded by optically detecting the change in phase state from solid to liquid, as shown in Fig. 5.  
The intensity of optical radiation emitted from the surface of the heater due to incandescence was 
recorded at the melting point. This was repeated for a range of micro-particles with different melting 
points to obtain a temperature calibration. 
For temperatures above the Draper point the experimental points are found to fit optimally to 
an exponential curve (which is shown in Fig. 6). The exponential curve follows the intensity of 
incandescent radiation as a function of temperature, as described by Planck’s radiation curve, and 
discussed in Section 3. The exponential curve provides, to a first order, a calibration of incandescent 
radiation intensity as a function of temperature and enables the surface temperature to be estimated 
by measuring the intensity of the emitted optical incandescent radiation. 
 
 
(a)                                              (b) 
Fig. 5.  An optical image of a Mn metal micro-particle placed on the surface of the micro-heater (a) before 
melting (b) after melting. 
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Fig. 6.  Calibration curve showing detected incandescent radiation intensity, plotted against the micro-particle 
melting point temperatures. 
 
For the lower temperature characterization, the thermal measurements on the micro-heater 
were obtained using the conventional IR microscope. The micro-heater was biased over a range of 
DC electrical power levels (0 – 362 mW) and for each power, a two-dimensional (2D) thermal map 
of the IR source chip was recorded, using the 25 × lens objective. The peak temperature was 
identified and plotted as a function of the electrical power (Fig. 7). The maximum temperature rise 
30 µm 30 µm 
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measured by the IR microscope was 774 °C at an electrical power of 362 mW. Fig. 8 shows a typical 
2D thermal image of an electrically biased micro-heater. Temperatures fall away very rapidly from 
the perimeter of the micro-heater membrane ring structure, indicating limited heating of surrounding 
regions, and therefore the IR source is thermally safe to use in an integrated electronic circuit. 
 
























 IR temperature results (C) - Chip-D8
 
Fig. 7. IR temperature measurement results for the micro-heater as a function of electrical power  
 
 
Fig. 8.  IR thermal image of the IR source chip (biased at an electrical power of ~275 mW), showing 
the temperature distribution across the micro-heater structure  
 
5. Results and discussion 
5.1. Incandescence uniformity results 
Optical incandescence measurements were made on three IR source chip samples biased over 
a range of DC input powers (0 to ~ 760 mW) at an ambient of 80 °C. The hottest area on the miniature 
micro-heater was identified by conventional IR measurement and the optical camera was focused on 
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that point. Fig. 9 shows the intensity of optical incandescent radiation measured (a.u.) as a function 
of DC bias for the three devices, which all showed very similar characteristics, indicating good chip-
to-chip reproducibility. Therefore, it is reasonable to assume the miniature micro-heater will provide 
a consistent thermal platform.  
 





























Fig. 9.  Optical incandescence radiation intensity measured as a function of micro-heater electrical power.  
5.2. High temperature measurement results 
The thermal-incandescence technique was used to estimate the surface temperature of two IR 
source chip samples biased at high DC input power levels (~ 300 mW to ~ 727 mW). For each DC 
electrical power, the optical incandescent radiation intensity was recorded, and the corresponding 
temperature interpolated using the calibration curve shown in Fig. 6.  The method enabled the surface 
temperature of the IR source chip to be characterized to very high temperatures, approaching 1245 


























Fig. 10.  Temperature measurement results on the micro-heaters obtained from thermal-incandescence 
measurements, plotted as a function of incandescent radiation intensity 
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An electrical method was also utilized to calculate the average temperature of the IR source 
chip [6], [26]. For this method, the temperature dependent resistance of the micro-heater was 
measured, taking into account the chip track resistance. Knowing the temperature coefficients of 
resistance (𝑇𝐶𝑅1 = 1.88 × 10-3 K-1 and 𝑇𝐶𝑅2 = 4.6 × 10-7 K-2 provided by ams Sensors UK Ltd.); 
the average temperature of the IR source chip was calculated [13], using Equation 5.  
 
 𝑅 =  𝑅0 [1 + 𝑇𝐶𝑅1 (𝑇 −  𝑇0) + 𝑇𝐶𝑅2 (𝑇 −  𝑇0)
2 ] (5) 
where, 𝑇0 = ambient temperature, 𝑇 = heater temperature, 𝑅 = resistance at temperature 𝑇 and 𝑅0  = 
resistance at ambient temperature 𝑇0.  
The heater temperature determined using the electrical method (as a function of electrical 
power), was compared with temperature measurements obtained by conventional IR measurement 
for low DC input powers (up to ~ 300 mW) and with the temperatures obtained by the optical 
incandescence approach for high DC input powers (> 300 mW). The comparison is shown in Fig. 
11. A maximum surface temperature of ~ 1245 °C was recorded at an input power of ~ 735 mW. 
There was reasonable agreement between the temperature results of the optical and electrical 
methods, as a function of electrical input power to the IR source chip.  The electrical method 
measures the lumped average surface temperature of the IR micro-heaters and as there was good 
agreement with the IR and optical incandescence spot measurements, which suggests good 
uniformity of temperature across the surface of the micro-heater. 
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 High temperature thermal characterization of a CMOS based MEMS IR source, fabricated on a 
SiO2 membrane using tungsten metallization, has been undertaken, for the first time, using thermal-
incandescence microscopy. Conventional IR imaging was used to thermally characterize the micro-
heater embedded in the IR source chip to temperatures below ~ 700 °C and optical incandescence to 
elevated temperature in excess of 1200 °C. The known melting points of metal micro-particles were 
used to calibrate the thermal-incandescence approach as a function of temperature. 
 The temperature results obtained from the thermo-optical measurements, were compared to 
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those obtained using an electrical method. There was reasonable (max error ± 3.5 %) agreement 
between the optical and electrical temperature measurements, suggesting good temperature 
uniformity across the micro-heater of the IR source. The measurement technique shows potential for 
increasing the temperature range of an IR microscope by integrating an optical camera for high 
temperature characterization of electronic devices.  
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